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Abstract 

Recent  attention  focused  on  fuel  cell  electric  vehicles  (FCEVs)  has  created  demand  for  the  construction  of  hydrogen  supply  stations 
for  FCEVs  throughout  the  world.  The  hydrogen  pressure  supplied  at  the  supply  stations  is  intentionally  high  to  increase  the  FCEVs 
driving  mileage.  Water  electrolysis  can  produce  clean  hydrogen  by  utilizing  electricity  from  renewable  energy  without  CO2  emission  to 
the  atmosphere  when  compared  with  the  industrial  fossil  fuel  reforming  process.  The  power  required  for  high-pressure  water  electrolysis, 
wherein  water  is  pumped  up  to  a  high-pressure,  may  be  less  than  the  power  required  for  atmospheric  water  electrolysis,  wherein  the  produced 
atmospheric  hydrogen  is  pumped  by  a  compressor,  since  the  compression  power  for  water  is  much  less  than  that  for  hydrogen-gas.  In 
this  study,  the  ideal  water  electrolysis  voltage  of  up  to  70  MPa  and  250  °C  is  estimated  by  referring  to  both  the  results  of  LeRoy  et  al. 
up  to  10  MPa  and  250  °C,  and  the  latest  steam  tables.  Using  this  high-pressure  water  electrolysis  voltage,  the  power  required  to  produce 
high-pressure  hydrogen  by  high-pressure  water  electrolysis  is  estimated  to  be  about  5%  less  than  that  required  for  atmospheric  water 
electrolysis,  assuming  compressor  and  pump  efficiencies  of  50%. 
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1.  Introduction 

In  recent  years,  the  attention  focused  on  high-efficiency 
and  low-polluting  fuel  cell  vehicles  has  increased  demand 
for  hydrogen  as  a  vehicle  fuel.  Many  countries  are  investi¬ 
gating  the  compression  of  hydrogen  up  to  700  atm  (1  atm  = 
0.101325  MPa)  to  increase  the  volume  of  on-board  hydro¬ 
gen  at  experimental  hydrogen  supplying  stations.  There 
are  various  methods  of  manufacturing  hydrogen,  including 
fossil  fuel  reforming,  saltwater  electrolysis,  and  water  elec¬ 
trolysis.  The  present  study  focuses  on  water  electrolysis  for 
manufacturing  hydrogen  from  water  without  the  use  of  fos¬ 
sil  fuels.  Recently,  water  electrolysis  performance  has  im¬ 
proved  through  the  use  of  polymer  electrolyte  membranes, 
which  have  improved  energy  efficiency  beyond  conven¬ 
tional  alkali  water  electrolysis  [1].  In  polymer  electrolyte 
water  electrolysis  at  atmospheric  pressure,  water  electrol¬ 
ysis  cell  characteristics,  such  as  current  and  temperature 
distributions  in  the  cell,  are  being  investigated  experimen¬ 
tally  and  analytically  in  regard  to  the  effects  of  overvoltage 
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and  saturated  water  vapor  [2].  High-pressure  water  elec¬ 
trolysis  up  to  100  atm  has  been  studied  by  LeRoy  et  al.  [3], 
who  give  equations  for  electrolysis  voltage  of  KOH  aque¬ 
ous  solution  considering  an  effect  of  saturated  water  vapor 
pressure. 

Since  less  power  is  generally  required  to  compress  liquid 
water  than  to  compress  gaseous  hydrogen,  it  is  reasonable 
to  conclude  that  the  preparation  of  high-pressure  hydrogen 
by  electrolysis  of  previously  prepared  high-pressure  water 
would  require  less  power  than  using  a  compressor  to  com¬ 
press  gaseous  hydrogen  obtained  through  water  electrolysis 
at  atmospheric  pressure.  In  referring  to  the  water  electrol¬ 
ysis  voltage  equations  presented  by  LeRoy  et  al.,  we  have 
calculated  the  ideal  energy  for  water  electrolysis  from  1 
to  700  atm  without  regard  to  the  effects  of  overvoltage  or 
saturated  water  vapor,  and  prepared  basic  data  for  show¬ 
ing  the  effectiveness  of  high-pressure  water  electrolysis. 
Although  LeRoy  et  al.  have  considered  the  latent  heat  of 
water  vapor  saturating  the  generated  hydrogen  and  oxygen 
in  their  calculation  of  the  electrolysis  voltage,  the  influ¬ 
ence  of  saturated  water  vapor  at  high-pressure  is  negligible 
because  the  effect  of  saturated  water  vapor  decreases  in 
inverse  proportion  to  the  operating  high-pressure  of  water 
electrolysis.  Furthermore,  since  the  overvoltage  is  reduced 
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Nomenclature 

a-e 

specific  heat  coefficient 

B 

virial  constant  (cm3 /mol) 

C 

virial  constant  (cm6/mol2) 

Et,p 

water  electrolysis  voltage  (V) 
at  t  (°C)  and  p  (atm) 

§ 

gravitational  acceleration  (m/s2) 

G 

Gibbs  energy  (J/mol) 

h 

water  head  (m) 

H 

enthalpy  (J/mol) 

Gn 

intake-gas  volume  flow  rate  (N  m3/h) 

s 

entropy  (J/(mol  K)) 

Vt.p 

enthalpy  voltage  (V)  at  t  (°C)  and  p  (atm) 

w 

power  (W) 

z 

compressibility  factor 

-AG 

Gibbs  energy  of  water  formation  (J/mol) 

-ag&2o 

Gibbs  energy  of  water  formation  under 
the  standard  condition  (J/mol) 

-AH 

enthalpy  of  water  formation  (J/mol) 

-AHko 

enthalpy  of  water  formation  under 
the  standard  condition  (J/mol) 

-AS 

entropy  of  water  formation  (J/(mol  K)) 

—  AS° 
za^h2o 

entropy  of  water  formation  under 
the  standard  condition  (J/(mol  K)) 

Greek  letters 

K 

ratio  of  specific  heat 

P 

water  density  (kg/m3) 

Subscripts  and  superscripts 

comp 

compressor 

ele 

water  electrolysis 

h2 

hydrogen 

h2o 

water 

02 

oxygen 

p 

pressure 

pump 

water  pump 

t 

temperature 

2.  Basic  equations  of  energy  for  water  electrolysis 


2.1.  Basic  equations  of  energy 


Energy  is  produced  when  stoichiometric  amounts  of 
gaseous  hydrogen  and  oxygen  react  with  each  other  to 
produce  liquid  water,  as  shown  in  Eq.  (1).  In  the  case  of 
polymer  electrolyte  membrane  fuel  cells,  electrochemical 
reaction  as  shown  in  Eq.  (2)  proceeds  at  the  hydrogen 
electrode,  and  reaction  as  shown  in  Eq.  (3)  proceeds  at  the 
oxygen  electrode.  In  Eq.  (2),  two  electrons  are  required  for 
one  hydrogen  molecule 

H2  +  ±02  H20  (1) 

H2  2H+  +  2e“  (2) 

2H+  +  2e“  +  \02  H20  (3) 

The  exothermic  heat  generated  by  Eq.  (1)  is  called  the 
enthalpy  of  formation  —  AH,  which  is  described  by  other 
thermodynamic  quantities  as  shown  in  Eq.  (4).  The  Gibbs 
energy  —  AG  in  Eq.  (4)  can  be  converted  to  electrical  energy 
while  the  entropy  heat  —T  AS  is  released  as  heat.  In  Eq.  (4), 
T  and  t  represent  temperature  in  K  and  °C,  respectively,  and 
p  represents  pressure  in  atm 

-a  H{t,  p )  =  -A  G(t,  p)  —  T  A  Sit,  p)  (4) 


Fig.  1  shows  the  energy  Eq.  (4)  for  the  reaction  of  H2  + 
0.502  H2O  as  the  actual  voltage  and  current  ( V-I)  char¬ 
acteristics  for  both  fuel  cell  and  water  electrolysis.  The  re¬ 
gion  on  the  right  side  of  the  figure  represents  a  fuel  cell, 
and  the  region  on  the  left  side  represents  water  electrolysis. 
When  hydrogen  and  oxygen  react  with  each  other  ideally  in 
a  fuel  cell,  —AG  becomes  electricity  and  —  T AS  becomes 
heat.  Conversely,  when  water  is  electrolyzed  to  produce  hy¬ 
drogen  and  oxygen  by  applying  electricity,  the  electrical 
energy  of  —AG  and  the  heat  of  —T AS  are  required.  The 
enthalpy  voltage  Vpp  is  defined  by  Eq.  (5),  and  the  water 
electrolysis  voltage  Et,p  is  defined  by  Eq.  (6) 


-A H{t,  p) 
nF 


similarly  to  fuel  cells  when  the  operating  pressure  of  solid 
polymer  water  electrolysis  is  increased,  this  aspect  is  also 
beneficial  [4].  In  this  report,  the  power  needed  to  compress 
hydrogen  produced  by  atmospheric  water  electrolysis  to 
700  atm,  and  the  power  required  to  operate  a  high-pressure 
water  pump  for  high-pressure  water  electrolysis  are  cal¬ 
culated,  and  then  the  power  requirements  for  low-pressure 
water  electrolysis  and  high-pressure  water  electrolysis  are 
compared.  However,  only  the  ideal  power  to  electrolyze 
water  without  any  overpotential  loss  is  used  to  estimate 
the  production  power  of  high-pressure  hydrogen,  because 
it  is  difficult  to  estimate  realistic  electrolyzing  power  due 
to  the  lack  of  experimental  data  for  high-pressure  water 
electrolysis. 
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Fig.  1.  Voltage-current  characteristics  for  water  electrolysis  and  fuel  cell. 
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—AG(t,  p) 
nF 


where  F  represents  the  Faraday  constant  (96,485  (C/mol)), 
and  n  represents  the  number  of  electrons  (n  =  2  accord¬ 
ing  to  Eqs.  (2)  and  (3)  for  water  electrolysis)  participating 
in  the  reaction.  Since  V254  is  equal  to  1.48  V,  and  £25,1 
is  equal  to  1.23  V  at  the  standard  condition  to,  po  (25  °C, 
1  atm)  as  shown  in  Fig.  1,  —  T  AS/(2F)  =  0.25  V  energy 
is  supplied  as  heat  [5].  In  Fig.  1,  the  standard  enthalpy  of 
formation  —AH^0  and  the  standard  Gibbs  energy  of  for¬ 
mation  —  AG^o0  represent  the  enthalpy  of  formation  and 
the  Gibbs  energy  of  formation  under  the  standard  condition, 
respectively. 

The  discussion  above  pertains  to  an  ideal  case  without 
any  loss,  but  in  practice,  losses  by  reaction,  diffusion  and 
resistance  are  inevitable,  i.e.  so-called  overvoltage  rj  is  pro¬ 
duced  to  form  the  realistic  V-I  curve  shown  in  Fig.  1.  77 
increases  in  conjunction  with  an  increase  in  electrical  cur¬ 
rent.  When  2 Ft]  =  —  T  AS  during  electrolysis,  external  heat 
does  not  need  to  be  supplied  because  the  electrical  energy 
participates  in  both  —AG  and  —  T AS.  This  point  (Vt,p  = 
—  AG/2F  —  T  A  S/2  F)  is  called  the  thermo-neutral  voltage, 
and  is  also  equal  to  —AH/2F.  In  this  report,  referring  to 
the  equations  presented  by  LeRoy  et  al.,  we  determine  the 
change  in  pressure  and  temperature  of  the  water  electroly¬ 
sis  voltage  EtjP  and  enthalpy  voltage  Vt,p  as  shown  below 
to  discover  the  ideal  electrolysis  power  under  high-pressure 
disregarding  the  overvoltage  caused  by  various  losses. 

The  enthalpy  of  water  formation  —A H(t,  1)  and  Gibbs 
energy  of  water  formation  —  A G(t,  1)  at  1  (atm)  and  t  (°C) 
can  be  expressed  by  Eqs.  (7)  and  (8)  below  [5] 

A H(t,  1)  =  Hh2 o(t,  1)  -  1)  -  \H02(t,  1)  (7) 

A G(t,  1)  =  GH20(t,  1)  -  Gh2 (t,  1)  -  jGo2(t,  1)  (8) 


where  Hft,  1)  and  Gft,  1)  represent  the  enthalpy  and  Gibbs 
energy  of  chemical  species  i  at  t  (°C)  and  1  (atm),  respec¬ 
tively,  and  can  be  described  by  the  specific  heat  of  chemical 
species  i  (H2,  O2,  H2O)  as  shown  later. 

The  enthalpy  of  water  formation  —A H(t,  p)  and  Gibbs 
energy  of  water  formation  —  A G(t,  p)  at  t  (°C)  and  p  (atm) 
can  be  represented  by  Eqs.  (9)  and  (10) 

A H(t,  p )  =  Hu2o(t,  p)  -  H\\2(t.  p)  -  p)  (9) 

AG(/,  P)  =  Gh2o0,  P)  ~  Gh20,  P)  ~  jGo2(t,  P)  (10) 


where  Hft,  p)  and  Gift,  p)  can  be  determined  using  the  steam 
table  and  virial  constant  in  the  state  equation  of  hydrogen 
and  oxygen  described  later  [3]. 


Table  1 


Coefficients  for  specific  heat 


a 

b 

c 

e 

H2O  (liquid) 

72.39 

9.38 

— 

— 

H2  (gas) 

26.57 

3.77 

1.17 

— 

O2  (gas) 

34.35 

1.92 

-18.45 

4.06 

Eqs.  (11)  and  (12),  where  H°t  is  designated  as  =  H°0^  = 
0  and  7/^2q  =  —  AH^0,  and  5°  is  the  standard  entropy  of 
chemical  species  i,  according  to  JANAF 


Hi(t,  1)  -  H°  =  a(T  -  T0)  +  ^  x  10“3(r 


?o2) 


(11) 


Sj  (?,  1)  -  S°  =  a  (In  T  -  In  7o)  +  b  x  10"3(r  -  7o) 


(12) 


Items  a  through  e  in  the  above  equations  are  specific  heat  co¬ 
efficients,  which  are  values  from  the  Electrochemistry  Hand¬ 
book  [5],  and  are  shown  in  Table  1.  Since  the  adaptable 
range  of  specific  heat  coefficients  for  water  in  Table  1  is 
25-100  °C,  data  from  the  steam  tables  [6]  were  used  for  cal¬ 
culations  above  100  °C,  as  described  later.  The  consistency 
between  the  Electrochemistry  Handbook  and  the  steam  ta¬ 
bles  was  adequate  for  water  up  to  100  °C.  HfT)  calculated 
by  Eq.  (11)  was  substituted  in  Eq.  (7)  to  get  the  tempera¬ 
ture  change  of  A H{t,  1).  The  temperature  change  of  A G{t, 
1)  was  calculated  by  Eqs.  (4),  (11)  and  (12). 

LeRoy  et  al.  show  the  controlling  equations  of  Et\  and 
Vt;\  for  temperature  change  as  the  following  Eqs.  (13)  and 
(14) 

V,J  =  1.4850  -  1.490  X  10“4f  -  9.84  x  10“V  (V)  (13) 


Et'i  =  1.5184  -  1.5421  x  10_3r  -  9.523  x  10_5rin  T 

+  9.84  x  10“8r2(V)  (14) 

The  compatibility  of  Eqs.  (7)  and  (13),  and  the  compati¬ 
bility  of  Eqs.  (8)  and  (14)  were  adequate  as  described  later. 


2.2.  Temperature  change  of  AH  and  AG  [5] 


2.3.  Pressure  change  of  AH  and  AG  [3] 


AH  and  AG  change  depending  on  the  temperature,  and 
are  calculated  using  the  specific  heat  of  hydrogen,  oxygen 
and  water.  The  temperature  change  of  enthalpy  Hft,  1)  and 
entropy  Sft,  1)  of  chemical  species  i  are  represented  by 


Since  the  pressure  effects  are  not  described  in  the  Elec¬ 
trochemistry  Handbook,  we  follow  the  controlling  equation 
presented  by  LeRoy  et  al.  When  the  state  equations  of  hy¬ 
drogen  and  oxygen  use  the  virial  constants  B  and  C,  the 
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Table  2 

Coefficients  of  virial  constant 


b\ 

bi 

c\ 

c2 

H2 

20.5 

-1,857 

-351 

12,760 

o2 

42.6 

-17,400 

-2604 

61,457 

enthalpy  and  Gibbs  energy  of  hydrogen  and  oxygen  can  be 
expressed  as  shown  in  Eqs.  (15)  and  (16) 


Hit.  p )  -  H(t,  1) 

,  dB\ 

=  'B~T9f)P 

C  —  B2  —  (l/2)r((3C/37)  —  2B(dB/dT))  2 
H - p 

RT 


G(t,  p)  —  G(t,  1)  =  RT  In  p  +  Bp  + 


C-B* 
2  RT 


■PA 


(15) 

(16) 


where  R  is  the  gas  constant  (atm  cm3 /(mol  K)),  and  p  is 
pressure  (atm).  Since  the  units  of  H(t ,  p)  and  G(t ,  p)  in 
Eqs.  (15)  and  (16)  are  (atm  cm3 /mol),  1  (atmcm3/mol)  can 
be  converted  to  0.101325  (J/mol).  The  virial  constants  B  and 
C  are  approximated  in  the  following  equations  as  functions 
of  temperature 


B  =  b  i  + 


bi 

T 


(cm  /mol) 


(17) 


C  =  ci  +  (cm6/mol2) 


08) 


The  values  of  coefficients  b\,b2,c\,  and  C2  used  in  the  above 
equation  are  shown  in  Table  2  for  oxygen  and  hydrogen.  The 
pressure  range  for  LeRoy  et  al.  is  1-100  atm,  but  since  the 
data  for  up  to  1000  atm  are  included  in  the  managed  virial 
constant,  Eqs.  (17)  and  (18)  are  assumed  applicable  in  the 
present  study  up  to  700  atm.  Since  the  steam  tables  covers 
a  wide  range  of  pressure  changes  in  H(t ,  p)  and  S(t ,  p)  for 
water,  these  values  were  used  in  this  study. 

With  regard  to  water  production  reaction  in  fuel  cells,  AH, 
AG,  and  AS  have  been  described  as  negative  in  accordance 
with  convention.  However,  in  the  present  study  as  described 
below,  the  values  of  AH,  AG,  and  AS  are  described  as  posi¬ 
tive,  avoiding  complexity,  to  predict  the  hydrogen  manufac¬ 
turing  power  by  water  electrolysis. 


3.  Numerical  results  of  temperature  and  pressure 
change  of  AH  and  AG 

3.1.  Standard  enthalpy  AH°h^q  and  standard  Gibbs 
energy  A  G°Hn0  of  formation 

At  first  the  A H^  0  and  AG^oQ  used  by  LeRoy  et  al.  are 
compared  with  the  those  by  the  Electrochemistry  Handbook 
[5]  and  by  JANAF  [7],  as  shown  in  Table  3.  These  values 
are  shown  in  Table  4  as  voltages.  In  Table  3,  there  are  dif¬ 
ferences  in  the  fourth  and  fifth  decimal  places.  However,  in 


Table  3 


Enthalpy  and  Gibbs  energy  for  water  electrolysis  under  standard  conditions 


LeRoy  et  al. 

Electrochemistry 

Handbook 

JANAF 

A H^20  (kJ/mol) 

285.840 

285.830 

285.830 

AG°z0  (kJ/mol) 

237.22 

237.178 

237.174 

Table  4 

Enthalpy  and  electrolysis  voltages  V298, 

0.1,  £298,0.1 

for  water  electrolysis 

under  standard  conditions 

LeRoy  et  al. 

Electrochemistry 

JANAF 

Handbook 

^298,0.1  (V) 

1.481 

1.481 

1.481 

£298,0.1  (V) 

1.229 

1.229 

1.229 

Table  5 

Temperature  change  of  enthalpy  voltage  Vt,oa 

T  (K) 

LeRoy  et  al.  (V) 

Electrochemistry 
Handbook  (V) 

298 

1.4813 

1.4812 

320 

1.4779 

1.4776 

373 

1.469 

1.469 

523 

1.4417 

1.441 

the  voltage  table  of  Table  4,  the  values  round  off  to  four  dec¬ 
imal  places  and  match  up  to  the  fourth  place.  Since  values 
are  expressed  at  1  bar  (105  Pa)  in  JANAF,  these  values  were 
revised  at  1  atm  in  Table  4  by  Eq.  (19)  [5] 

AG  (105  Pa,  7)  =  AG  (1  atm,  7)  -  0.1094T  (J/mol)  (19) 
3.2.  Temperature  change  of  AH  and  AG 

The  temperature  change  of  enthalpy  voltage  Vtp  is  shown 
in  Table  5  and  Fig.  2,  and  the  change  in  electrolysis  voltage 
Eti  i  is  shown  in  Table  6  and  Fig.  3.  JANAF  is  omitted  here 
since  it  closely  agrees  with  the  Electrochemistry  Handbook. 
When  the  values  by  LeRoy  et  al.  are  compared  with  those  by 
the  Electrochemistry  Handbook,  both  agree  closely,  and  it  is 
clear  that  both  Vtp  and  Et,\  fall  with  a  rise  in  temperature. 
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Table  6 

Temperature  change  of  electrolysis  voltage  £r,o.i 


T  (K) 

LeRoy  et  al.  (V) 

Electrochemistry  Handbook  (V) 

298 

1.229 

1.229 

320 

1.211 

1.211 

373 

1.167 

1.167 

523 

1.051 

1.050 

3.3.  Pressure  change  of  AH  and  AG 


When  determining  the  pressure  change  of  AH  and  AG  by 
LeRoy  et  al.  or  our  data,  the  discrepancy  is  only  due  to  the 
difference  in  the  publishing  year  of  referred  steam  tables.  To 
determine  the  degree  of  error,  the  pressure  change  of  V25,/? 
at  25  °C  is  shown  in  Table  7  and  Fig.  4.  The  pressure  change 
of  £25,/?  obtained  by  the  steam  tables  and  Eq.  (16)  is  shown 
in  Table  8  and  Fig.  5.  Although  LeRoy  et  al.  have  reported 
V25 ,P  but  have  not  reported  £25,/?,  their  £25, p  is  not  com¬ 
pared  in  Table  8.  The  pressure  change  of  £25,/?  is  clearly 
rather  large  compared  with  V25,/?.  Since  the  difference  in  the 


Fig.  4.  Change  of  enthalpy  voltage  V298,/?  by  pressure. 


Fig.  5.  Change  of  electrolysis  voltage  £298, P  by  pressure. 

two  at  V25 ,p  —  V25/1  is  small  below  approximately  0.01  mV, 
the  pressure  change  of  V25,/?  and  £25, p  above  100  atm  can 
be  calculated  with  adequate  reliability.  Therefore,  the  elec¬ 
trolysis  power  under  high-pressure  is  predicted  in  a  later 
chapter  using  these  data. 


Table  7 


Change  of  enthalpy  voltage  V298,/?  by  pressure 


p  (MPa) 

LeRoy  et  al. 

This  report 

^29S,p  (V) 

T298 ,P  ~ 

V298, 0.1  (mV) 

^29S,p  (V) 

V29S,p  ~ 
^298, 0.1 

(mV) 

0.101325 

1.481 

0 

1.481 

0 

2.5 

1.481 

0.578 

1.481 

0.581 

5.0 

1.480 

1.143 

1.480 

1.141 

10.0 

1.479 

2.208 

1.479 

2.198 

Table  8 

Change  of  electrolysis  voltage  £298,/?  by  pressure 

p  (MPa) 

This  report 

E29S,p  (V) 

E29S,p 

—  £298, 0-i 

(mV) 

0.101325 

1.229 

0 

2.5 

1.290 

61.61 

5.0 

1.304 

74.83 

10.0 

1.317 

87.92 

3.4.  Pressure  and  temperature  change  of  AH  and  AG 

As  the  pressure  change  of  Vi5,p  and  £25,/?  were  confirmed 
to  be  consistent  with  those  by  LeRoy  et  al.  up  to  100  atm,  we 
calculated  the  pressure  change  of  VtiP  above  100  atm,  and 
this,  along  with  the  temperature  change,  is  shown  in  Table  9 
and  Fig.  6,  where  the  portions  with  no  data  at  250  °C  indi¬ 
cate  that  liquid  water  is  nonexistent  in  this  range.  Tempera¬ 
ture  change  of  Vtp  for  t  (°C)  and  1  atm  was  first  calculated 

Table  9 


Change  of  enthalpy  voltage  Vt,p  by  pressure  and  temperature 


p  (MPa) 

V298,p  (V) 

V373  ,P  (V) 

V523 ,P  (V) 

0.101325 

1.4812 

1.4691 

1.4416 

10 

1.4790 

1.4682 

1.4417 

22.064 

1.4768 

1.4668 

1.4420 

40 

1.4745 

1.4661 

1.4426 

70 

1.4730 

1.4655 

1.4443 
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using  Eq.  (13).  Then  finding  H(t ,  p)  of  hydrogen  and  oxy¬ 
gen  using  Eq.  (15)  and  Hit ,  p)  of  water  using  the  steam  ta¬ 
bles,  the  pressure  change  of  VtiP  at  t  (°C)  was  calculated. 
Table  9  shows  that  pressure  has  a  smaller  effect  upon  Vt,p 
than  temperature. 

Pressure  and  temperature  change  of  Et:P  are  shown  in 
Table  10  and  Fig.  7.  Just  as  for  VtiP,  the  temperature  change 
of  Etf  i  for  t  (°C)  and  1  atm  was  first  determined  by  using 
Eq.  (14).  Then  finding  G(t,  p)  of  hydrogen  and  oxygen  by 
Eq.  (16)  and  G(t ,  p)  of  water  by  the  steam  tables,  the  pres¬ 
sure  change  of  EtjP  at  t  (°C)  was  calculated.  Pressure  ex¬ 
erts  a  large  effect  upon  EtjP  up  to  approximately  100  atm, 
but  above  100  atm  voltage  changes  little  even  when  pressure 
increases.  Table  10  reveals  that  when  25  °C  water  is  used 
for  high-pressure  water  electrolysis,  voltage  increases  about 


Table  10 


Change  of  electrolysis  voltage  Ej  p  by  pressure  and  temperature 


p  (MPa) 

El9S,P  (V) 

E313,P  (V) 

E523,P  (V) 

0.101325 

1.229 

1.167 

(1.051) 

10 

1.317 

1.278 

1.207 

22.064 

1.332 

1.297 

1.234 

40 

1.343 

1.311 

1.255 

70 

1.354 

1.325 

1.275 

0  10  20  30  40  50  60  70 


Pressure  p  /MPa 


Fig.  7.  Change  of  electrolysis  voltage  Ejp  by  pressure  and  temperature. 


90  mV  at  100  atm  and  about  110  mV  at  400  atm  in  compar¬ 
ison  with  voltage  at  1  atm.  In  the  above,  while  temperature 
and  pressure  changes  of  Vt:P  and  Et,p  were  calculated  from 
25  °C  at  1  atm  up  to  t  (°C)  followed  by  changes  up  to  p 
(atm),  the  results  were  the  same  even  when  the  changes  up 
to  p  (atm)  were  first  calculated  followed  by  the  changes  up 
to  t  (°C). 


4.  Electrolysis  power  considering  gas  compressor  and 
water  pump  power 


Taking  into  consideration  the  temperature  and  pressure 
changes,  we  were  able  to  measure,  as  mentioned  above, 
the  ideal  power  We \e,t,p  for  high-pressure  water  electrolysis 
at  t  (°C)  and  p  (atm).  To  measure  the  actual  production 
power  of  high-pressure  hydrogen  by  water  electrolysis, 
the  power  for  the  gas  compressor  Wcomp  and  for  the  liq¬ 
uid  pump  Jkpump  were  calculated.  Essentially  the  realistic 
power  for  high-pressure  water  electrolysis  should  be  con¬ 
sidered  including  overpotential  losses,  but  we  used  the  ideal 
electrolyzing  power  due  to  the  lack  of  overpotential  data. 
Using  the  compressor  and  pump  power,  the  hydrogen  pro¬ 
duction  power  at  a  water  flow  rate  of  1  mol/s  was  calculated 
as  described  below  for  high-pressure  water  electrolysis 
after  water  was  pressurized  using  a  high-pressure  pump 
(W pump  +  JVeie,25,/?)>  and  for  compression  of  hydrogen-gas 
after  atmospheric  water  electrolysis  (Jkeie,25,i  +  fkcomp). 
First  the  power  Wcomv  (W)  required  to  compress  electrolytic 
hydrogen  was  calculated  using  the  following  equation 


fkcomp  — 


K 


Qn  T\ 
3600  273. 15  Z 


K-l/K 

~  1  - 


(20) 


where  Qn  represents  the  intake-gas  volume  flow  rate 
(N  m3/h),  P2  the  discharge  pressure  (Pa),  k  the  ratio  of 
specific  heat  (— ),  and  z  the  compressibility  factor  (— ). 
In  this  calculation,  hydrogen  of  T  =  298.15  K,  p\  = 
0.101325  MPa,  Qn  =  80.7  m3/h  (corresponding  to  a  water 
flow  rate  of  1  mol/s),  k  =  1.4,  and  z  =  1  was  compressed 
by  a  four-stage  compressor  with  an  adiabatic  efficiency 
assumed  parametrically  to  be  25,  50,  and  75%.  The  recent 
test  data  of  four-stage  hydrogen  compressor  for  40  MPa  and 
30Nm3/h  showed  about  50%  adiabatic  efficiency.  Next, 
water  pump  power  Jkpump  (W)  was  calculated  using  the 
following  equation 

fkpump  =  pgqh  (21) 

where  h  represents  the  water  head  (m),  q  the  water  flow 
rate  (m3/s),  p  the  water  density  (kg/m3),  and  g  the  gravita¬ 
tional  acceleration  (m/s2).  Pump  power  was  estimated  also 
at  efficiencies  of  25,  50,  and  75%. 

Table  1 1  and  Fig.  8  show  pressure  changes  for  Wpump  + 
JVeie,25 ,p  and  Weie,25,i  +  ^comp.  The  numbers  in  parenthe¬ 
sis  on  the  chart  represent  water  pump  power,  and  those  in 
brackets  represent  hydrogen-gas  compressor  power.  At  50% 
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Table  11 


Change  of  hydrogen  production  power  by  pressure 


p  (MPa) 

fkpuinp  +  lfeie,298 ,p  (kW) 

fkele,298,0.1  T  tVcomp  (kW) 

0.101325 

237.2 

237.2 

10 

254.5  (0.36) 

264.2  [27.0] 

22.064 

257.8  (0.80) 

269.9  [32.6] 

40 

260.6  (1.45) 

274.3  [37.1] 

70 

263.8  (2.53) 

278.7  [41.5] 

Values  in  ( )  represent  water  pump  power  at  ij  =  50%;  and  in  [  ],  hydrogen 
compressor  power  at  r\  =  50%. 


320  r 

310  - 

300  - 

290  - 

280  - 

270  - 

CD 

260  7 

O 

CL 

250  [ 

•j 

240  { 

230  - 

220  - 

210  - 

200  - 

W 


r] . =  25% 

'comp 


+WComp(f°ur-stage  compression) 


ele,25,1 

compressor  efficiency:  r\  =  50% 
264.2  kW[27.02kW]  !  '  P 


\ 


X274.3  kW[37.1 2  kW]  hpump  ^ 

- — Z  Tlcomp=  75% 


254.5  kW  (0.36  kW)^ 
:  237. 2kW 


260. 6kW  (1.45  kW) 


ele,25,1 

j 

water  flow  rate:1  mol/s 


W  +W 

pump  ele,25,p 


V  =  75% 

'Ipump 


pump  efficiency:  ripump=  50% 


( ):  water  pump  power  at  h=50% 

[  ]:  hydrogen  compressor  power  atr|=50% 


0  10  20  30  40  50 

Pressure  p/MPa 


60 


70 


Fig.  8.  Change  of  hydrogen  production  power  by  pressure. 


efficiency,  the  power  for  high-pressure  water  electrolysis 
( ffpump  +  f^eie,25 ,p)  was  about  4%  and  about  5%  less  than 
the  power  for  atmospheric  water  electrolysis  ( Weie,25,  l  + 
f^comp),  at  100  and  400  atm,  respectively. 


5.  Conclusion 

Based  on  the  research  by  LeRoy  et  al.,  we  have  estimated 
temperature  changes  up  to  250  °C  and  pressure  changes  up 
to  70  MPa  for  ideal  hydrogen  production  power  (enthalpy 
changes  and  Gibbs  energy  changes)  of  water  electrolysis  us¬ 


ing  polymer  electrolyte  membranes.  Water  electrolysis  volt¬ 
age  at  high-pressure  decreases  as  temperature  rises,  and 
while  it  increases  as  pressure  increases,  the  increase  is  found 
to  be  small  at  pressure  above  20  MPa.  Also,  water  electroly¬ 
sis  power  is  estimated  for  both  cases  of  high-pressure  water 
electrolysis  after  pressurizing  the  water  (Wpump  +  Weie,25,p), 
and  of  hydrogen-gas  compression  after  atmospheric  water 
electrolysis  (Weie,25,i  +  WCOmp),  examining  the  relative  mer¬ 
its  of  highly  pressurizing  liquid  water  and  hydrogen-gas. 
When  water  pump  and  hydrogen-gas  compressor  efficien¬ 
cies  are  assumed  to  be  50%,  it  is  found  that  hydrogen  can 
be  produced  with  about  5%  less  power  using  high-pressure 
water  electrolysis  than  that  required  using  atmospheric  wa¬ 
ter  electrolysis. 
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